Abstract-Environmental conditions and operational modes may significantly impact the distortion level of the injected current from single-phase grid-connected inverter systems, such as photovoltaic (PV) inverters, which may operate in cloudy days with a maximum power point tracking, in a nonunity power factor, or in the low-voltage ride-through mode with reactive current injection. In this paper, the mechanism of the harmonic current injection from grid-connected single-phase inverter systems is thus explored, and the analysis is conducted on single-phase PV systems. In particular, the analysis is focused on the impacts of the power factor and the feed-in grid current level on the quality of the feed-in grid current from single-phase inverters. As a consequence, an internal model principle-based high-performance current control solution is tailor-made and developed for single-phase grid-connected systems to produce high-quality currents in different operation conditions, where a design procedure is also provided. The developed current controller in this paper can achieve a minimum steady-state error while maintaining a relatively fast transient response, and also being feasible in other single-phase applications as a promising harmonic mitigation solution. Experiments on single-phase gridconnected systems have verified the correctness of the relevant analysis and also the effectiveness of the tailor-made control solution in terms of good harmonic mitigation.
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I. INTRODUCTION

I
T WAS reported by the European Photovoltaic Industry Association that the world's solar power capacity passed the 100 GW mark for the first time in 2012 [1] , and now, it approaches to 180 GW in 2014 [2] . With an imperative demand of clean energy, it can be predicted that Y. Yang and F. Blaabjerg are with the Department of Energy Technology, Aalborg University, Aalborg 9220, Denmark (e-mail: yoy@et.aau.dk; fbl@et.aau.dk).
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Digital Object Identifier 10.1109/JESTPE.2015.2504845 more photovoltaic (PV) systems will be installed in the future [3] . Such intensely increasing PV integration into the grid also challenges the availability, the power quality [4] - [7] , and the emerging reliability of the entire PV system, as it is of high intermittency. Consequently, specific grid requirements/demands (e.g., IEEE Standard 1547-2003 [8] and IEC Standard 61727 [9] ) are expected to be strengthened to regulate the grid-connected PV systems, especially in terms of power quality and ancillary services [10] . In the future, the single-phase grid-connected PV system will be more active in different operation modes, provide a low-voltage ride-through (LVRT) capability in the presence of a grid fault, and be equipped with a reactive power compensation functionality [10] - [12] . In that case, this operational mode might degrade the power quality with the risk of introducing resonances to the entire power system. As a consequence, the control system should be enhanced to maintain the power quality both under normal operation with a maximum power point tracking (MPPT) and in other ancillary service mode (e.g., nonunity power factor) to meet the existing or upcoming grid codes/requirements [11] - [16] . For grid-connected inverter systems, including PV systems, the current distortion level is one important power quality index [17] , [18] . For instance, it is stated in both the IEEE Standard 1547-2003 and the IEC Standard 61727 that the total harmonic distortion (THD) for the grid current should be lower than 5% to avoid adverse effects on other equipment that is connected to the grid [8] , [9] , [19] , [20] . Moreover, for each individual odd harmonic from 3rd to 9th, the limitation is 4%, and at the same time, the even harmonics are limited to 25% of the odd harmonic limits [8] . These acceptable current distortion levels are defined for grid-connected inverter systems (e.g., PV inverters) in the case of a rated output operational mode. However, taking the PV inverter systems as an example, due to the intermittency of solar irradiance, the output current of the PV inverter is usually less than its rated value. Furthermore, most PV inverters designed for a grid-connected service operate close to unity power factor but in a partial loading condition. It is required that the PV system should operate at an average lagging power factor greater than 0.9 when the output power is greater than 50% of its rated power [9] . Beyond such basic requirements, the PV systems are expected more active in the future with a reactive power compensation and a fault ride-through capability as aforementioned [12] . Although a predesigned grid-connected PV system can meet the clauses in existing grid requirements, it is still not 2168-6777 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. clear whether the current distortion level with nonunity power factor and/or the current level below its nominal value will make the system exceed the distortion level during operation or not. Obviously, the grid requirements have a strong impact on the design, performance, and operation of the PV inverter systems. In order to guarantee a satisfactory current distortion level for grid-connected inverter systems in different operation modes, at least in the normal operation, these clauses in grid requirements have to be reexamined [10] , [21] , [22] . Control strategies that are applied to the power electronics converters could underpin the power conditioning functionality of the current and future grid-connected inverters [13] . In respect to the current control, a proportional-integral (PI) controller is the most popular controller for three-phase inverters because of its simplicity and the zero steady-state tracking error with the help of Park and Clark transformations. For single-phase inverter systems (e.g., PV inverters), a proportional-resonant (PR) controller [14] , [23] is widely used, where a virtual orthogonal system should be developed. This actually can be transformed into the PI controller [24] . However, the PR controller can provide several advantages, such as much less computational burden and complexity due to its lack of Park transformations and simple to implement. Thus, the PR controller becomes a popular current regulator for grid-connected single-phase systems [13] - [15] , [23] , [25] - [31] . It is well known that odd harmonics (e.g., 3rd, 5th, and 7th) are dominant in the spectrum of the output current of single-phase grid-connected inverters. The PR-controlled inverters may not be able to feed high-quality currents into the grid, since a single PR controller cannot reject all harmonics appearing in the grid current.
In order to eliminate the current harmonic distortion effectively, multiresonant controllers (MRCs) are plugged into the PR controller [13] - [15] , [23] , [25] . However, such a control scheme will increase the computational burden, particularly when high-order harmonics (e.g., 11th and 13th) are required to be compensated. This might also trigger the system resonances, if the phase-lead compensators are improperly designed. In contrast, a repetitive controller (RC) with a simple phase compensator can track or reject all harmonics below the Nyquist frequency [19] , [32] - [36] , but it presents a much slower dynamic response than what a PR controller or a resonant controller does [37] - [40] . In order to suit power system specifications, high-performance control strategies should achieve a minimum steady-state error while maintaining a fast transient response, and also being feasible in practical implementations. To tackle these issues, a hybrid controller by combining the PR, the RC, and the MRC controllers is developed for a single-phase cascaded multilevel converter [41] , [42] ; a general parallel structure RC scheme is also introduced to multiphase converters [40] . However, there is still a gap to fill in on how to ensure singlephase grid-connected inverters (e.g., PV systems) to produce high-quality currents in different operation modes. The root causes of harmonics from single-phase grid-connected inverter systems remain of high interest.
In light of the above considerations, the mechanism of the harmonic current injection from single-phase grid-connected inverter systems is presented in this paper, and the analysis is demonstrated on single-phase PV systems. In particular, for single-phase grid-connected PV systems in different operational modes, the impacts of the power factor and the output current level on the feed-in grid current distortion level are analyzed in detail in Section II. On the basis of the discussions, a high-performance current control solution is developed for single-phase grid-connected inverter systems to produce high-quality current in different operational modes. Moreover, essential design guidelines for the tailor-made controller have been provided in Section III. Experiments on single-phase grid-connected systems are performed to examine the correctness of the relevant analysis and the effectiveness of the tailormade control solution, and the results are given in Section IV. Finally, the conclusion is drawn in Section V.
II. CURRENT HARMONIC INJECTION MECHANISM
In the following, the mechanism of harmonic injection from single-phase grid-connected inverter systems is demonstrated on a single-phase PV system. The discussion is mainly focused on how the input power (i.e., the feed-in current amplitude), the power factor, and the grid voltage amplitude will affect the current quality. Other origins of the harmonics, such as the dead time effect, the nonlinearity of power devices, and the grid background distortion, are also commented on. Fig. 1 shows a single-phase grid-connected PV system with a simple voltage sag generator, where the control is based on a single-phase P Q theory [6] , [15] , [43] , [44] . By adjusting the active power and reactive power references (P * , Q * ), the power factor can be controlled. As aforementioned, the single-phase grid-connected PV system should fulfill the requirements/demands in different operational modes in such a manner to maintain the quality, the stability, and the reliability of the entire system. Notably, those requirements tend to be even strengthened in the future, when the grid will become diverse and resilient. For instance, just like the case of wind power systems, the PV systems should be able to support the grid by means of injecting reactive current into the grid in the presence of a voltage drop [11] , [12] , [15] , [22] , [44] - [47] . Even in the normal operation mode, the grid voltage is not constant in terms of the amplitude. Furthermore, it should be pointed out that the future single-phase PV systems may also be required to provide ancillary services (e.g., Volt.-VAR control and cos φ-Watt control) [21] , [48] - [52] . In that case, the power factor will not be unity, even when the PV system is operating in the MPPT mode. Actually, since the PV inverters are normally under-designed, there is still room for the PV inverters to inject reactive power along with an MPPT control. In a word, the abnormal (or additional) operation in return can affect the current quality, e.g., LVRT operation and reactive power injection during nights [48] , [49] , and the power quality of PV inverters will possibly vary with the operational modes.
A. Potentials of Current Quality Degradation
Additionally, in practice, the feed-in grid current level from a PV system will vary with the sites and the environmental conditions (as the intermittency, e.g., due to passing clouds in a cloudy day). Fig. 2 exemplifies the varying amplitude of the output current of a 3-kW PV system through a daily operation, which demonstrates the power fluctuations and the injected grid current variations of PV systems. Notably, this continuous injection of fluctuating power may be one of the potentials of grid current degradation, especially in the case of high penetration degree [53] . Nevertheless, the above scenarios can possibly affect the feed-in current quality. Since the design and operation modes of single-phase PV systems and, thus, the current quality will be impacted by the grid requirements/demands as discussed above, it calls for an investigation into the active clauses in existing grid requirements/demands, and prompts the development of upcoming grid codes.
B. Current Harmonic Injection Under Normal Conditions
For the single-phase PV system shown in Fig. 1 , it can be described byi
where v inv is the PV inverter output voltage, v g is the grid voltage, and L 1 and C f are the inductor and the capacitor of an inductor-capacitor (LC) filter, respectively. Since the filter capacitor C f is mainly used to filter out the high-frequency switching harmonics, (1) can be simplified aṡ
when only considering the low-order harmonics. As a consequence, if the inverter output voltage v inv and/or the grid voltage v g contain any low-order harmonics (referred to as background distortions), the injected grid current i g will be distorted, thus resulting in a poor THD i g . In that case, the grid current i g can be further written as
with
being the grid current harmonics induced by the inverter voltage harmonics v h inv and the grid voltage distortions v h g , respectively, i 1 g , v 1 inv , and v 1 g representing the fundamental components of the injected grid current, the inverter output voltage, and the grid voltage, and h being the harmonic order.
It should be pointed out that the grid voltage distortions are normally uncontrolled, which are mainly induced by the nonlinear loads that are connected to the grid. Fortunately, it is implied in (4) that the current harmonics (i.e., v h inv ) in accordance to (4). Thus, the following analyzes how the inverter output voltage harmonics are generated, which in return affects the feed-in grid current quality seen from (4) and (5).
On an assumption that the quality of the grid voltage is high (i.e., v h g ≈ 0), the feed-in grid current harmonics induced by the grid voltage background distortions can thus be neglected (i.e., n h=2 v h g ≈ 0). In that case, the harmonics induced by the inverter output voltage will dominate in the injected current, since a pulsewidth modulation (PWM) scheme is typically applied to realize the dc-ac inversion using nonlinear power semiconductors. Thus, it is reasonable to first conduct the harmonic analysis only in the consideration of
shown in (4) . In general, the inverter output voltage v inv can be expressed as As a consequence, the injected current will inevitably inherit the harmonics, and thus, the power quality will be affected according to (4) . Moreover, it can also be observed in (6) pwm is ignored, since it can be filtered out by the LC-filter and also for simplicity. The above analysis has revealed that the inverter output voltage will affect the grid current quality. Specifically, the grid current distortions are partially induced by: 1) the inverter PWM control applied to the inverter and 2) the dc-link voltage variations.
Theoretically, the PWM harmonics, i.e., n h=2 d h pwm , are sidebands centered around the switching frequency and its multiples [54] . However, in practical applications, there are dead-time and nonlinear turn-ON (and turn-OFF) delays, which will contribute to low-order harmonic distortions [54] - [56] , leading to degradation in the current quality according to (5) and (6) . As for the dc-link voltage variations, a prior-art study has shown that the dc-link voltage typically contains a double grid frequency component [13] , [57] . In the following, an analysis on the dc-link voltage variations is carried out in order to give a better understanding of the current harmonic injection from single-phase inverters. Let us consider the fundamental grid voltage v 1 g = √ 2V 1 g cos(ω 0 t +ϕ), the fundamental grid current i 1 g = √ 2I 1 g cos(ω 0 t), and the inverter output voltage v 1 inv = √ 2V 1 inv cos(ω 0 t + ϕ − ϕ 1 ) for the following discussion with ω 0 and ϕ being the grid fundamental angular frequency and the power angle, respectively. According to Fig. 1 , the dc side instantaneous power p dc (i.e., the inverter input power) and the inverter output instantaneous power p inv can be obtained, respectively, as
where
represents the total grid current harmonics. Neglecting the inverter losses and the losses on the dc-link capacitor C dc give p inv = p dc and also
. This also indicates that the dc-link capacitor is used for power decoupling and thus to handle the power variations between the dc side and the ac side, leading to the voltage variations. In most cases, since high-order termṽ dc dṽ dc /dt in the dc side instantaneous power p dc is ignored, the following is valid according to (7) and (8):
which confirms that the dc-link voltage has a variation of twice the grid frequency. Equation (9) implies that the variation amplitude of dc bus voltage |ṽ dc | is proportional to the fundamental amplitude of the inverter output voltage V 1 inv and the fundamental amplitude of the grid current I 1 g . In contrast, the variation amplitude is inversely proportional to the dc-link capacitor C dc and the dc-link voltage V dc [57] . The impact can also be further illustrated by the phasor diagram shown in Fig. 3 , which shows that the length of the inverter output voltage v inv varies with the power angle. As a consequence, the larger the power angle (with 90 • ) is, and the larger the variation |ṽ dc | will be. According to (4)-(6), it can be concluded that the variation |ṽ dc | will introduce harmonics in the inverter output voltage v inv . Moreover, it is shown in (9) thatṽ dc mainly contains even harmonics with a double grid frequency, 2ω 0 . Consequently, d 1 pwmṽ dc will produce odd harmonics with the frequency of (2k + 1)ω 0 , k = 1, 2, 3, . . . As a result, odd current harmonics will be injected by single-phase PV inverters, because both d 1 pwm andṽ dc are inevitable elements in a closed-loop control for a grid-connected inverter shown in Fig. 1 .
In a word, THD i g of the feed-in current will be varying under: 1) different power factors (or cos ϕ), which could happen in reactive power compensation periods, and 2) different feed-in current levels, I 1 g . Although a single-phase system can meet the requirements in some cases, the current distortion level cannot always be maintained at a satisfied level even in the normal operation conditions because of the changing environmental conditions (Fig. 2) and operational modes according to the above discussions.
C. Current Harmonic Injection Under Voltage Sags/Swells
Several events, such as lightning and cable short-circuiting, can cause grid faults, which will result in the variation of grid voltage or frequency, the change of the grid impedance, and possibly the absence of the utility grid, which represents an islanding operational mode. Subsequently, the grid voltage and/or frequency may excursion above or below the nominal values. In such cases, the PV systems are required to cease energizing for safety concerns. However, those grid requirements will become more stringent because of the still increasing penetration of PV systems [21] , [22] , [48] , where the PV inverters should remain connected under voltage faults. When ignoring the power losses on the filter, the instantaneous inverter output power p inv can also be expressed as
where the current through the capacitor of an LC-filter is also neglected and O(h) represents the high-order components, being
Similarly, ignoring the inverter power losses and the higher order components, O(h) gives
which implies that the voltage variation |ṽ dc | across the dc capacitor is proportional to the grid voltage amplitude V 1 g . Therefore, in the case of a voltage sag, the dc-link voltage variation is smaller if the grid current amplitude remains the same; while for voltage swells, the dc-link voltage variation becomes larger. Based on the phasor diagrams shown in Fig. 4 , it can be predicted that the power quality will be better in the LVRT operation mode if the grid current level is kept the same, which can also ensure a stable LVRT operation without triggering the overcurrent protection [44] . In contrast, the high-voltage ride-through operation may result in a poor current quality according to (5) and (6) due to the increase in dc-link voltage variations. However, it should be noted that the first priority under voltage faults is focused on ridingthrough to stabilize the entire system. Thus, it is unnecessary to specify current quality in such cases. Nevertheless, this has revealed that the grid voltage (amplitude) variations will affect the injected current quality.
D. Other Origins for Current Harmonics
The basic mechanism of harmonic current injection from a single-phase system has been elaborated above, where the grid voltage quality is assumed to be good enough. However, it should be noted that the grid voltage distortion will definitely affect the current quality according to (4) . Moreover, the grid synchronization scheme, taking the grid voltage as input, is inevitable for single-phase systems. Thus, the performance of synchronization method might have an impact on the current quality [58] . For a specific case of PV systems, anti-islanding algorithms are required [14] . Among various islanding detection techniques, the active methods produce a nonsinusoidal current reference (i * g , i.e., contains harmonics). Hence, according to Fig. 1 , the inverter output voltage reference v * inv will also be distorted (and thus the PWM signals d pwm ). It means that the anti-islanding algorithms for PV systems will also deteriorate the feed-in current to some extent. However, the current controller with harmonic compensators will alleviate this impact. As a result, the degradation in the feed-in current quality due to anti-islanding algorithms can be neglected.
In addition, the previous discussion is done on the basis of a constant grid frequency (i.e., ω 0 = const.). However, in practice, the grid frequency cannot always be maintained as constant [59] . There might be frequency variations due to, e.g., a continuous injection of a large amount of fluctuating renewable power. Such frequency variations may deteriorate the injected current quality, and it can also cause instability for frequency sensitive control systems [59] , [60] , such as resonant and repetitive control systems, especially implemented in the digital signal processors.
In different applications, the grid-connected inverter systems will operate in various sites and daily changing environmental conditions. Accordingly, the changing solar irradiance will directly affect the PV panel output power. As a result, the injected current level is affected, and also the power quality will change, as discussed in Section II. Thus, it is desirable to develop a high-performance current control solution for grid-connected single-phase PV systems to produce a high-quality current regardless of the challenging conditions. That is to say, the preferred control method should not be sensitive to the changes of the power factor and/or the output current level.
III. CURRENT HARMONIC CONTROL
A. Tailor-Made Control Solution
As it is shown in Fig. 1 , if the current reference i * g is a purely sinusoidal signal with a frequency of ω 0 , and at the same time, the gains of the current controller at the harmonic frequencies are high enough, the injected grid current will be almost harmonic-free in the steady state. Based on the above analysis, a PR [14] , [23] , [25] - [31] , [61] plus repetitive current (RC) [19] , [32] - [42] , [62] - [67] controller is developed in order to eliminate the harmonic current injection under different conditions (e.g., nonunity power factor), as it is shown in Fig. 5 . This current control scheme is designed to suppress the harmonic distortions caused by the dc-link voltage variations d 1 pwmṽ dc , the nonlinearity of the power devices, the dead-time harmonics [55] , and the grid voltage background distortions n h=2 v h g . However, it should be noted that, although the RC can suppress all harmonics below the Nyquist frequency in theory, its dynamic response is very slow in removing high-order harmonics due to its fundamental period time-delay in the implementation. In contrast, the MRC, which connects the resonant controllers in parallel for the harmonics of interest, can eliminate selective harmonic distortions at a much faster speed [13] , [14] , [30] , [31] . Yet, it is at the expense of heavy paralleling computation duty [55] . Moreover, as discussed previously, when higher order harmonics (above the 11th and/or 13th harmonics) need to be compensated, the MRC method is apt to cause the system to become unstable, and it is less practical [38] , [39] , where multiple phase compensators are required accordingly. However, the developed current controller consists of a PR controller that is designed as a zerotracking-error controller at the grid fundamental frequency and an RC controller that is designed to remove the harmonic components [41] , [42] . As a consequence, combining the PR and RC controllers shown in Fig. 5 takes the strength of both controllers-fast tracking of the fundamental current and almost complete harmonic mitigation. It, thus, can make an optimal tradeoff between control performance and practical realization.
B. Design of the Current Controller
A classic repetitive controller (CRC) can be given as
where k rc is the control gain and T 0 is the fundamental period of the grid voltage with ω 0 = 2π/T 0 . Equation (12) is expanded as (13) which indicates that the CRC is equivalent to a parallel configuration of a proportional controller (i.e., −k rc /2), an integrator [i.e., k rc /(T 0 s)], and infinite parallel-resonant controllers with an identical control gain, 2k rc /T 0 . This MRC can be given as
with h being the harmonic order and ω 0 being the fundamental grid angular frequency. As observed in (13) and (14), since the control gain for the MRC is identical, it is not possible for the CRC controller to eliminate selective harmonics effectively. That is to say, it is difficult for the CRC to optimally cancel out the harmonics of interest when compared to the MRC that acts on individual harmonics [59] . Considering the robustness of the CRC controller, a lowpass filter Q(s) and a phase-lead compensator G f (s) are incorporated, as shown in Fig. 5 . Accordingly, the resultant RC controller, G rc (s), and the PR controller, G pr (s), shown in Fig. 5 can, respectively, be given as
and
where k p and k r are the control gains for the PR controller, and G f (s) = e T s [38] , [39] , [62] with T being the period of the phase-lead compensator. Since those current controllers are normally implemented in low-cost digital signal processors, it is more convenient to give their digital forms in the z-domain
and (18) in which N = f s / f 0 with f s being the sampling frequency and f 0 = 1/T 0 being the grid fundamental frequency, T s = 1/ f s Fig. 6 . Current control loop with the tailor-made current harmonic controller (a PR controller with a plug-in repetitive controller). Fig. 7 . Control scheme for a single-phase grid-connected system based on the single-phase P Q theory [15] , [43] , [44] and the tailor-made current harmonics suppression method.
is the sampling period, and the prewarped bilinear (Tustin) transformation [23] , [26] , [29] has been used to discretize the PR controller of (16) . Q(z) and G f (z) are the transfer functions of the low-pass filter and the phase-lead compensator in the z-domain, respectively. Based on Fig. 5 and the entire current control loop shown in Fig. 6 , the closed-loop transfer function of the grid current G cl (z) can be obtained as
where z −1 represents the processing and PWM delay [68] , [69] , F(z) is the transfer function of the inductor of the LC-filter, and it is discretized as follows by means of bilinear transformation:
It should be mentioned that in the digital controlled PWM converters the delay time is normally taken as 1-1.5 times of the sampling period (i.e., T s ) [31] , [68] . In this paper, a delay of T s corresponding to z −1 is chosen for simplicity while maintaining a relatively high accuracy [68] , [69] . Subsequently, the transfer function of the current tracking
to the current reference can be described by
with G clPR (z) being the current closed-loop transfer function only using the PR controller, which can be given by
Hereafter, according to Fig. 1 and the single-phase P Q theory, the closed-loop control scheme can be constructed, as shown in Fig. 7, where G p (z) and G q (z) are the PI controllers in the digital forms for the active power and reactive power, respectively, and v gα and v gβ are the αβ components of the grid voltage generated by the secondorder generalized integrator-based orthogonal generation system [13] - [15] . It should be pointed out that the control solution shown in Fig. 7 can ensure a proper power injection from the grid-connected inverter system in response to the grid conditions (e.g., voltage sag and reactive power injection) by setting the power references. Moreover, in order to improve the system dynamics, the two PI controllers can be removed [6] , where there is no need for power calculation. The system parameters for the following discussion are listed in Table I .
C. Parameter Tuning of the Current Controllers
Actually, when combining the RC controller, G crc (s), and the PR controller, G pr (s), the following current controller G G-PI (s) is valid:
, and k r = k r + (2k rc /T 0 ). The controller G PIR (s) can be taken as a more general PI controller. The Bode diagram of this controller with different control gains k rc (typically, 0 < k rc < 2 as discussed in [19] ) is shown in Fig. 8 , which verifies that the frequency response of G PIR (s) is similar to that of a PR controller except for the very low frequency (below 10 Hz). As a consequence, it allows designing the PR controller first without the plug-in RC controller.
When it comes to the design of the PR controller, the bode diagram of the open-loop system [i.e., z −1 G pr (z)F(z)] is normally utilized. For such a controller, the basic design requirements are as follows.
1) The system cutoff frequency ω c should be high enough in order to cover a wide range of resonant frequencies of the RC controller (up to the Nyquist frequency in theory).
2) The fundamental resonant control gain k r should be as high as possible, when considering a good phase margin (PM) [26] . Moreover, a large k r will lead to a wide frequency band around the fundamental frequency [13] , which can tolerate the grid frequency variation impacts to some extent. On the basis of the above rules, the fundamental frequency PR controller is designed as
which ensures that the closed-loop system is stable (only using PR controller). The corresponding PM is 55.2°at ω c = 5930 radian/s. This cutoff frequency allows compensating up to the 17th-order harmonic.
Regarding the tuning of the RC controller, according to (21) , if all the roots of the error e i (z) locate inside the unity circle, the entire current control system will be stable. Substituting (17) into (21) gives the stability criterion of design as
where ∀z = e j ωt with 0 < ω < π/T s and G f (z) = z m is the digital form of the phase-lead compensator. Consequently, the following conditions should hold in order to ensure the entire controller stability.
1) The closed-loop system G clPR (z) is stable when the PR controller is adopted. 2) The control gain k rc and the phase-lead compensation number m should fulfill the inequality shown in (25) . Practically, the control gain k rc is selected as 0 < k rc < 2, and the low-pass filter Q(z) is introduced to enhance the robustness of the controller at the cost of tracking accuracy [19] , [59] . As a rule of thumb, the low-pass filter is normally chosen as Q(z) = βz + α + βz −1 with α + 2β = 1 and α, β > 0. Due to the model uncertainties or simplified assumptions of the system nonlinearity [38] , [39] , [63] , it is relatively difficult to directly design the phase-lead compensator number m. Thus, the phase compensation step m is usually determined by experiments. Moreover, preliminary controller parameters can be determined through simulations by means of analyzing the frequency response of the stability function S(z).
In this paper, the RC controller gain has been designed as k rc = 1.8, and the initial phase-lead compensation number has been selected as m = 4. This will result in the designed RC controller as (26) where the low-pass filter is designed as Q(z) = 0.05z + 0.9 + 0.05z −1 and the sampling frequency f s = 10 kHz. However, it should be noted that the phase-lead compensator number m should be further determined in the experimental tests.
IV. EXPERIMENTAL RESULTS
It should be pointed out that the analysis conducted in Section II will not be affected significantly by the system configuration as long as the MPPT control is robust. Hence, in order to verify the above discussions and to evaluate the tailor-made current control scheme, experiments have been conducted on two single-phase grid-connected inverter systems: 1) a double-stage inverter system with a PV simulator and 2) a single-stage inverter system. The double-stage system is employed to test the dc-link voltage variations and the grid current quality under different input powers and various power factors. In contrast, the single-stage system is mainly used to evaluate the tailor-made current controller, and to test the harmonic injection under grid voltage sags.
A. Double-Stage Inverter System
Since the PV panels are highly weather-dependent, resulting in a varying output current level as well as the injected grid current amplitude, a single-phase double-stage grid-connected system [19] is first tested under different power angles as well as grid current amplitudes. Notably, the double-stage system has a low-power PV simulator and a dc-dc boost converter [13] , which is different from the PV system shown in Fig. 1 . In this case study, the dc-link voltage is controlled as 100 V with an ac grid of 50 V (root-mean-square value) and 50 Hz. The dc-dc stage is to ensure the power injection, while the inverter maintains a constant dc-link voltage (i.e., v * dc = 100 V). The current controller is the same as what is shown in Fig. 5 , but only a PR fundamental current controller is adopted. The experimental results are presented in Fig. 9 .
It can be observed in Fig. 9(a) that the dc-link voltage variations |ṽ dc | is proportional to the injected grid current level, which is in agreement with the discussions in Section II. When the grid current amplitude becomes small, the voltage drop on the filter inductor will also become insignificant compared with the grid voltage (i.e., v 1 inv ≈ v 1 g ; see Fig. 3 ). Hence, according to (11) , the dc-link voltage will not change so much, as shown in Fig. 9(a) . Moreover, it has also been verified in Fig. 9(b) that the current level will significantly affect the quality of the injected current. Consequently, in the case of weak solar irradiance (i.e., contributing to a low current amplitude), THD i g may increase. Notably, although the dc-link voltage variation is small in that case, the dominant inverter output harmonics V dc n h=2 d h pwm remain almost the same, and also the fundamental current is smaller, where, however, the grid voltage distortion exists (THD v g ≈ 1%). Those result in a poor current quality, as shown in Fig. 9(b) . Nevertheless, the experimental tests have demonstrated the impacts of the current levels and the power factors on the power quality, and hence, a better current controller should be developed to mitigate such harmonics. Fig. 10 shows the single-phase single-stage grid-connected inverter setup, and the system parameters are listed in Table I . In this test rig, a commercial inverter is used as the power conversion stage. The control system is implemented in a DS 1103 dSPACE system referring to Fig. 7 . An LC-filter is employed in order to filter out the harmonics at high switching frequencies. An MRC consists of the 3rd, 5th, and 7th resonant controllers is compared with the tailor-made control solution (i.e., a PR controller with a plug-in RC harmonic compensator). The control gains for the PR controller with the MRC are: As discussed in Section II, the operational modes have certain impacts on the quality of the injected grid current, which can also be seen in Fig. 9 , where both the current THD and the dc-link voltage variations are affected by the power angle. Furthermore, the single-phase single-stage inverter system is tested in different operational modes, and the experimental results are shown in Fig. 11 , where a voltage sag (0.45 p.u.) is generated by switching the resistors R S and R L and only the fundamental PR controller is adopted as the current controller. During the grid fault, the LVRT control is enabled-the system is injecting reactive power to the grid according to the grid requirements, while the amplitude of the grid current is maintained almost constant in order to prevent the inverter from over-current triggering. In that case, the power factor is not unity. It can observed that the THD i g under the voltage sag is lower. This experimental test has verified that the operation modes of the PV inverters (e.g., fault ride-through operation and reactive power injection operation) will affect the quality of the injected current, which is in a close agreement with the discussions in Section II-C (11). However, in these tests, only the PR controller has been adopted.
B. Single-Stage Inverter System
In addition, to verify the effectiveness of the harmonic mitigation by MRCs and the tailor-made controller, the singlephase inverter system shown in Fig. 10 has been examined under various power factors. Fig. 12 compares the feed-in grid current THD, when the PR controller, the PR controller with MRC, and the tailor-made controller have been adopted. It is observed in Fig. 12 that the tailor-made control method can suppress the harmonics effectively regardless of the power factors. As a consequence, in contrast to the PR controller with MRC, the PR controller with a plug-in RC controller offers a better quality of the injected current regardless of the operational modes, according to Figs. 12 and 13. Since the RC controller can remove high-order harmonics effectively, the tailor-made controller can achieve an overall lower current THD as discussed previously. Moreover, the combination of PR and RC controllers brings less computational burden to the digital signal processor in its implementation than what the multiple-paralleled resonant controller does.
Furthermore, the harmonic mitigation capability of the MRC controller and the RC controller is compared, as shown in Fig. 14 both in the normal operation mode and under a voltage sag. This experimental benchmarking has confirmed the effectiveness of the tailor-made harmonic controller over the MRC controller in terms of an overall low THD. It should also be pointed out that the dynamic of the tailor-made solution may not be as good as that of the PR controller with the MRC, since the RC harmonic compensator theoretically acts on all the harmonics below the Nyquist frequency. As shown in Fig. 14 , the RC controller can almost maintain lower harmonics in a wide range of frequency (e.g., 50 ∼ 2000 Hz). Possibilities to improve the dynamics of the PR controller with an RC harmonic compensator are directed to [34] and [59] . Nevertheless, the experimental results have confirmed that the tailor-made control solution provides a promising way to harmonic mitigation in the single-phase grid-connected inverter systems.
V. CONCLUSION
This paper has explored the origins for current harmonics injection from single-phase grid-connected inverter systems in different operational modes. The analysis reveals how the injected current distortion varies with the feed-in grid current level (e.g., in different sites and under various environmental conditions for PV systems), the power factor, and the grid voltage level. Accordingly, a tailor-made current control solution has been designed, which has also been tested experimentally on single-phase grid-connected inverters. The test results have verified that the tailor-made current controller (i.e., combining a PR controller and an RC controller) can achieve relatively high control accuracy as well as less complexity. Specifically, this tailor-made solution can suppress the injected harmonics effectively regardless of operation conditions (e.g., power factor, output current level, or grid voltage level). That is to say, the developed current control scheme is not sensitive to the clause changes of grid requirements on current distortion levels of grid-connected single-phase inverters and also the operational conditions. In addition, this tailor-made current controller avoids a redesigning process in different gridconnected applications, where various harmonic requirements will possibly be published.
Furthermore, the future grid-connected PV systems will be more active and more smart with ancillary services. In that case, the system will be required to provide reactive current even in the normal operation mode with an MPPT. Moreover, not only for single-phase PV systems but also for other singlephase dc-ac systems, renewable energy systems is the harmonics injection a big challenge, which thus should be taken care of during the design and operation phases. For example, the single-phase inverters are widely used in fuel cell systems, vehicle-to-grid systems, smart grids, microgrids, and so on. In those systems, the harmonics will have an impact on the system stability and the operation performance. Fortunately, the tailor-made solution can be extended to those systems without much significant modification.
